Innate and learned taste/flavor preferences to chemical stimuli in weanling rats are not fully understood. Our previous study showed that weanling rats could establish conditioned flavor preferences when low, but not high, concentrations of sucrose solutions were used as associative rewarding stimuli. Here, we examined whether 3-week-old rats could acquire flavor learning when the rewarding stimulus was saccharin, a non-nutritive artificial sweetener. In the acquisition session, they consumed water with a flavor (cherry or grape) and 0.1% sodium saccharin with another flavor (grape or cherry) for 15 min daily on alternative days over 6 consecutive days. The subsequent test session revealed significant preferences for the flavor previously associated with saccharin. However, they failed to retain the preference when retested in adulthood at the age of 20 weeks. These behavioral results were similar to those previously demonstrated when 2% sucrose was used as an associative sweetener. Although these 2 solutions were equally preferred, the taste quality may not be the same because the weanling rats showed neophobia to 0.1% saccharin and a larger chorda tympani response than 2% sucrose. The present study showed that a conditioned flavor preference was established to saccharin in weanling rats on the basis of flavortaste association.
Introduction
Ingestive behavior is controlled by innate and learned preferences and/or aversions. Animals innately accept some (e.g., sweet-tasting) and reject other (e.g., bitter-tasting) foods directly on the basis of their flavors with different hedonic values, and they also acquire feeding responses after experiencing flavors and/or postoral consequences exerted by foods. According to a review article by Small (2012) , "defining flavor is not as simple a task as it sounds." The common simple definition may be that flavor is a multimodal perception of gustatory, olfactory, and somatic senses arising from the mouth. However, flavor is often used in a narrower meaning, that is, referring only to smell. Such a usage is common in the field of odor learning, where conditioned odor preferences/aversions are expressed as conditioned flavor preferences/aversions. In the present study, we use flavor in the narrow meaning. Once the flavor, that is, odor (conditioned stimulus, CS) of the ingested food is associated with a positive signal (unconditioned stimulus, US), such as innately preferable taste and nutritive satisfaction, animals react to subsequent exposure by selecting and/or increasing intake of the food on the basis of its flavor (conditioned flavor preference). This type of CS-US association is generally known as a classical conditioned reaction that guides the selection of food and proper food intake (Rozin and Zellner 1985; Bures et al. 1998; Sclafani 2004; Yamamoto and Ueji 2011) .
Most of the previous studies on conditioned flavor preferences have been performed in adult animals, with only a small portion of the studies in infants (Hayward 1983; Melcer and Alberts 1989; Myers and Hall 1998; Myers et al. 2005; Myers and Sclafani 2006) . Myers et al. (2005 Myers et al. ( , 2006 found that preweanling rats were able to learn to associate a flavor with the postingestive effects of nutrients by showing a preference for that flavor after weaning. These investigators used an intraoral catheter to infuse the flavored stimuli and/ or a gastric catheter to deliver nutrients. Their studies are important in demonstrating that flavor-nutrient learning occurs before weaning and can influence food selection after weaning. It is still not yet fully understood whether weanling rats show innate and learned preferences to different chemical stimuli as adult rats show. Our main interest in the present study was whether weanling rats could associate a flavor with sensory and/or nutritive consequences in a freely ingesting condition and whether a preference for that flavor, if acquired, could be maintained into adulthood.
In our previous study (Ueji and Yamamoto 2012b) , we trained weanling 3-week-old rats in a flavor-learning task. During the acquisition session, water or sucrose solutions flavored with cherry or grape were presented alternatively to each rat for 15 min daily for 6 consecutive days, according to the procedure described by Renteria et al. (2008) . After this acquisition period, the weanling rats acquired preferences for the flavor previously associated with 2% and 10% sucrose. Moreover, the association learning acquired at the age of 3 weeks with 10%, but not 2% sucrose, was retained when retested in adulthood at the age of 20 weeks, suggesting that feeding experience in the weanling influences later dietary preferences. The reasons for the difference in persistence of the preference learning between 10% and 2% sucrose are not yet fully analyzed, but there is no doubt that 10% sucrose is more reinforcing than 2% sucrose.
A conditioned flavor preference can be established when an odor is associated with a highly palatable taste (Fanselow and Birk 1982; Messier and White 1984) , as well as when it is associated with positive postingestive effects (Sclafani and Ackroff 1994) . Because our previously mentioned study used sucrose solutions, it was not determined whether the learning effect was based on palatable taste, postingestive factors or both. Therefore, we employed an identical experimental paradigm, but replaced sucrose with equally preferable saccharin, a noncaloric artificial sweetener, to minimize possible postingestive effects.
Materials and methods

Animals
A total of 19 male Wistar weanling rats were used, comprising 14 rats for behavioral experiments, and 5 rats for electrophysiological experiments. The rats were purchased from Japan SLC at the age of 3 weeks. The mean body weight ± SD was 37.0 ± 5.9 g at the start of the experiments. The rats were individually housed in a controlled environment under a 12:12-h light-dark cycle with lights on at 8:00 AM, were fed ad libitum, and had free access to water. However, during the learning period, the acquisition test and the retention test, water was deprived overnight for 16 h (from 6:00 PM to 10:00 AM) after free access to water for 8 h. The tests were conducted during the light cycle. All animal care and experimental procedures conformed to the guidelines established by the National Institutes of Health, and the experimental protocols were approved by the Institutional Animal Care and Use Committee at Kio University (No.21-11-U-211228).
Experiment 1: 2-bottle choice test between saccharin and sucrose To examine how the 0.1% saccharin solution was preferred compared with the sucrose solution, 6 weanling rats were given a choice test between 0.1% saccharin and 2% sucrose or 0.1% saccharin and 10% sucrose. The order of presentation of the test stimuli was randomized. The positions of the 2 bottles were switched every 24 h during the 48-h test session to avoid positional preference. The amount (g) consumed of each solution was recorded.
Experiment 2: flavor learning in weanling rats
This experiment was performed to establish conditioned flavor preferences in 8 weanling rats using essentially the same method as in previous studies (Renteria et al. 2008; Ueji and Yamamoto 2012b) . As shown in the protocol (Table 1) , on Days 1-4, after 16 h of water deprivation, each rat was presented with water for 15 min through a cylinder, and the amount of intake (g) was measured daily to obtain a baseline for fluid consumption. Days 5-10 were for the acquisition phase in which the following liquids were presented according to the same procedure as in the baseline phase. The 8 rats were divided randomly into 2 subgroups with 4 rats each. In the first subgroup, each rat was presented with either a sweetened (saccharin; 0.1% sodium saccharin; Wako Pure Chemical Industries) grape-flavored solution (CS + sa) or an unsweetened cherry-flavored water (CS − w) on alternative days for 6 consecutive days. In the second subgroup, each rat was similarly presented with either an unsweetened grape-flavored water (CS − w) or a sweetened (saccharin) cherry-flavored solution (CS + sa). These 2 flavors had never been experienced prenatally nor postnatally until the experiment. We dissolved 0.1 mL of each flavor (synthesized and supplied by the Seisyo Institute) into 100 mL water or saccharin solution. In a pilot study, we had confirmed no difference in preference in the 2-bottle choice test between aqueous solutions containing either of these 2 flavors at this concentration. Days 11-14 were for the acquisition test, with the choice preference between simultaneously presented unsweetened cherry-flavored water and unsweetened grape-flavored water daily for 15 min for 4 consecutive days. The positions of the 2 bottles were switched every 24 h to avoid positional preference. The amount (g) consumed of each solution was recorded. The data were treated in terms of CS + w and CS − w. After this acquisition test, the 8 rats were given a 2-bottle choice test. Each rat was presented simultaneously with water and 0.1% saccharin. The position of each solution with respect to the left and right sides of the cage was randomized among the rats. The amount (g/15 min) consumed of each solution was recorded and used as the dependent measure.
Experiment 3: retention test
This experiment was conducted to examine whether acquired flavor preferences were retained in adulthood. After completion of tasks in the weanling period, each rat was housed with ad libitum intake of water and pellets until 20 weeks of age. The same preference choice test was then performed as described in Experiment 2, that is, after 16 h of water deprivation, each rat was presented with unsweetened cherry-flavored water and unsweetened grape-flavored water simultaneously once daily for 15 min. The position of each flavor of solution varied randomly each day with respect to the left and right sides of the cage to eliminate position bias. The amount (g/15 min) consumed of each solution was recorded. After this retention test, these rats were given the 2-bottle choice test between water and 0.1% saccharin with the same procedure as described previously.
Experiment 4: recordings from the chorda tympani nerve to taste stimuli
We noticed a neophobic response to saccharin, but not to sucrose, in the behavioral experiment (Experiment 2). To examine the possible existence of difference in the afferent taste information between saccharin and sucrose, responses of the chorda tympani nerve, which innervates the taste buds on the anterior part of the tongue, were recorded and compared between the 2 taste stimuli together with other taste stimuli in the weanling rats. The taste stimuli used were 0.1 M ammonium chloride (NH 4 Cl), 0.1 M sodium chloride (NaCl), 2% and 30% sucrose (Kanto Chemical), and 0.1% sodium saccharin prepared in distilled water on the day of the recordings and presented at room temperature. NaCl and sodium saccharin were also prepared in 0.01 M amiloride (amiloride hydrochloride; SigmaAldrich), which is a sodium channel blocker and is shown to reduce sodium salt taste responses (DeSimone and Ferrell 1985; Yamamoto et al. 1993) .
Five 3-week old rats were anesthetized by intraperitoneal injection of sodium pentobarbital (60 mg/kg) with supplemental urethane administered as necessary to maintain deep surgical anesthesia. The animals were tracheotomized and secured in a head-holder. Body temperature was maintained at 36 °C -37 °C with a heating pad. The left chorda tympani nerve was exposed by a lateral approach (Yamamoto and Kawamura 1972) , cut as it exited the tympanic bulla, and dissected away from the underlying tissue. The nerve was desheathed and placed onto a platinum wire recording electrode (0.1 mm diameter). An indifferent electrode was placed in contact with exposed nearby muscle tissue. Multiunit impulse discharges were amplified with a band-pass (40-3000 Hz) amplifier and sent to an oscilloscope for visualization. Discharges were then fed to a digitally controlled summator (DSE-345, Dia Medical System) which was manufactured based on a theory developed by Walsh and Halpern (1974) . The output of this summator was stored on a PC and accumulated every 500 ms for display and analyzed offline with a data acquisition system (PowerLab26T; ADInstruments). Each stimulus was applied to the anterior dorsal tongue for 30 s followed by a distilled water rinse for at least 60 s. For measuring the magnitude of response discharges to each stimulus, we measured the total amount of spontaneous discharges for 30 s just before stimulation, and that of response discharges for 30 s after stimulation. The net magnitude of each response was then obtained by subtracting the spontaneous activity from the activity during stimulation. The response to each taste stimulus was expressed as the relative magnitude of response to 0.1 M NH 4 Cl.
Data analysis
To compare a pair of mean values obtained from the 2-bottle preference choice tests, a 2-tailed t-test was used. Data obtained from the 6-day acquisition period (Experiment 2) were analyzed by a 2-way analysis of variance (ANOVA) followed by post hoc Tukey's honest significant difference (HSD) test. Electrophysiological data were analyzed by a 1-way ANOVA followed by post hoc Tukey's HSD test. The statistical rejection criterion of 0.05 was used for all analyses.
Results
The important findings in the present study were 1) the weanling rats acquired preferences for a novel flavor previously associated with saccharin, but failed to maintain them into adulthood, and 2) the magnitude of chorda tympani response to 0.1% saccharin was significantly larger than that to 2% sucrose. These results together with other results will be described precisely according to each experiment.
In Experiment 1, the 2-bottle preference test compared 0.1% saccharin and 2% sucrose, and 0.1% saccharin and 10% sucrose. The mean intake ± SEM (g/48 h) was 14.0 ± 1.7 and 16.9 ± 2.9 for 0.1% saccharin and 2% sucrose, respectively. Although the former tended to be smaller than the latter, this difference was not statistically significant (P = 0.14, t-test). On the other hand, 10% sucrose was much more preferred over 0.1% saccharin: 33.2 ± 1.9 versus 5.2 ± 0.9 for 10% sucrose versus 0.1% saccharin. This difference was significant (P < 0.001, t-test).
In Experiment 2, the mean intake (±SEM, n = 8) of the flavored solution sweetened by saccharin (CS + sa) and the flavored water (CS − w) for 15 min/day during the 6-day acquisition period was 3.1 ± 0.2 and 3.4 ± 0.3 g, respectively. These values were not significantly different (P > 0. 05, t-test) . Figure 1 shows the mean grams consumed of CS + sa and CS − w for 15 min during the 3-day acquisition task. The CS + sa and the CS − w solutions were presented on alternating days of the acquisition phase, so each was presented on 3 different days. The data are graphed, and show that both solutions were consumed similarly, but the consumption of CS + sa was apparently smaller than that of CS − w on Day 1 (or at the first exposure).
A 2 × 3 ANOVA with day (Days 1-3) and solution (CS + sa, CS − w) revealed a significant main effect of day [F(2, 28) = 34.52, P < 0.001], but no main effect of solution [F(1, 14) = 1.61, P = 0.23]. The analysis detected significant interactions for day x solution [F(2, 28) = 4.17, P < 0.05]. Post hoc Tukey's test showed that the intake of CS + sa was significantly smaller than that of CS − w on Day 1.
In the test session, as shown in Figure 2A , the mean number of grams consumed of water with flavors previously associated with 0.1% saccharin (CS + w) was significantly (P < 0.05, t-test) larger than that of water with flavors that were not associated with sweetener (CS − w). The subsequent 2-bottle preference choice test between water and 0.1% saccharin showed that the mean number of grams consumed of the saccharin solution was significantly (P < 0.05, t-test) larger than that of water ( Figure 2B ).
In Experiment 3, essentially the same tests were performed again at the age of 20 weeks in the same animals. Each rat was raised in each home cage with ad libitum food and water intake without any particular treatment or test procedure. Figure 2C shows the results of the 2-bottle preference choice test between CS + w and CS − w. Although CS + w tended to be preferred over CS − w, the difference was not statistically significant (P = 0. 46, t-test). The subsequent 2-bottle preference choice test between water and 0.1% saccharin showed that the mean number of grams consumed of saccharin was significantly (P < 0.05, t-test) larger than that of water ( Figure 2D ).
The results of these behavioral experiments show that conditioned flavor preferences were acquired in weanling rats but did not continue to adulthood when the CS was 0.1% saccharin, which was significantly preferred to water in adulthood as well as in the weanling period.
In Experiment 4, chorda tympani responses to NH 4 Cl, NaCl, saccharin, and sucrose solutions were recorded in weanling rats. As shown by sample records in Figure 3 , the largest response was obtained to 0.1 M NaCl, and was reduced when 0.1 M NaCl was prepared with 0.1 mM amiloride solution. The magnitude of response to 0.1% saccharin was about half of that to 0.1% NH 4 Cl. Amiloride did not reduce the saccharin response, but rather, tended to increase the response. A very small response was detected to 2% sucrose, whereas 30% sucrose induced a response as large as that to 0.1 M NH 4 Cl. Figure 4 compares the mean magnitudes of chorda tympani responses to saccharin and sucrose in 5 weanling rats. The response to each taste stimulus was expressed as the relative magnitude of responses to 0.1M NH 4 Cl. One-way ANOVA revealed a significant main effect of taste solution [F(3, 16) = 23.55 P < 0.001]. Post hoc Tukey's HSD test showed that the mean response to saccharin was significantly (P < 0.001) smaller than the response to 30% sucrose, but was significantly (P < 0.05) larger than that to 2% sucrose. The mean responses to saccharin and to saccharin in amiloride were not significantly different (P = 0.359). Although not shown in the figure, the mean response to 0.1M NaCl was reduced by 56% with the action of amiloride, with significant difference (P < 0.01). These results indicate that 0.1% sodium saccharin contains other taste components that are not found in 2% sucrose but amiloride-sensitive sodium component is negligible.
Discussion
Our previous study (Ueji and Yamamoto 2012b) showed that a low concentration of sucrose was an effective association stimulus in establishing flavor learning in weanling rats. The present study was performed to examine whether similar flavor learning could be acquired by using saccharin (0.1% sodium saccharin), a non-nutritive sweetener. The main finding of the present study was that weanling rats could acquire flavor preference learning when the flavor (cherry or grape) was paired with saccharin, but the same animals did not show the flavor preference when retested at the age of 20 weeks. This result agrees very well with our previous finding (Ueji and Yamamoto 2012b ) that weanling rats acquired a conditioned flavor preference when the flavor was paired with 2% sucrose, but they failed to recall the flavor preference at the age of 20 weeks; whereas the flavor preference was retained in adulthood when 10% sucrose was used. These results simply suggest that both 0.1% saccharin and 2% sucrose have similar taste effects in inducing a flavor preference on the basis of flavor-taste association. The similarity of preference for 0.1% saccharin and 2% sucrose was proven in the present experiment (Experiment 1) and is supported by the results of Smith and Sclafani (2002) in adult rats. These investigators reviewed the preference characteristics in adult rats for saccharin as a sugar surrogate, and suggested that saccharin was as attractive as dilute sugar solutions by showing that saccharin versus sucrose choice tests indicated that optimal saccharin solutions (0.2-0.4%) were isopreferred to dilute sucrose solutions (2-4%) and were rejected as the concentration further increased.
Although weanling rats preferred 0.1% saccharin ( Figure 2B ) as well as 2% sucrose (Ueji and Yamamoto 2012b) , one difference to note is that the amount of intake of saccharin at the first exposure during the acquisition period was smaller than that of water, then increased at the second and third exposures (Figure 1) , indicating the occurrence of neophobia to 0.1% saccharin and its attenuation.
On the other hand, Ueji and Yamamoto (2012b) showed that the rats exhibited no neophobic responses, but preferred 2% sucrose (CS + s) to water at the first exposure, that is, according to our unpublished data, the mean intake of CS + s versus CS − w was 2.6 versus 2.3, 4.4 versus 3.1, and 4.2 versus 3.2 at the first, second, and third exposures, respectively. These results suggest that the taste quality of 0.1% saccharin has a stronger impact on weanling rats than 2% sucrose, even if the overall preference is similar.
The previously described differences in the behavioral responses between saccharin and sucrose may be explained by some difference in afferent taste information transmitted from the peripheral taste organs to the central brain areas. To examine this possibility, we tried to record the electrophysiological taste responses of the chorda tympani nerve in weanling rats. The results revealed that the mean response to saccharin was 4 times larger than that to sucrose, and this difference was statistically significant. Because we used sodium saccharin, a component of the sodium response may have been contained in the saccharin response. To examine this possibility, sodium saccharin was dissolved in 0.1 mM amiloride, which is known to inhibit sodium responses by blocking sodium channels (DeSimone and Ferrell 1985) . The saccharin response was not reduced, indicating that the amiloride-sensitive sodium component of the response was negligible, if any. In contrast, the NaCl response was reduced by 56% when dissolved in the amiloride solution, which is comparable with previous findings in adults (DeSimone and Ferrell 1985; Halpern 1998) . Another possibility is that the saccharin taste contains other components not found in the sucrose taste. In this respect, it is known that saccharin contains a "bitter" taste component in addition to a "sweet" component (Schiffman et al. 1979; Horne et al. 2002; Kuhn et al. 2004) . Such a possible qualitative difference may contribute to the larger taste nerve response to saccharin than sucrose and also to the occurrence of a neophobic behavioral response to saccharin, but not to sucrose.
The fact that both 0.1% saccharin and 2% sucrose are more preferable to water in weanling rats, as described earlier, suggests that the association of flavor with such a preferable taste is sufficiently effective to establish conditioned flavor preferences. In adult rats, it is known that saccharin solutions induce flavor preferences on the basis of flavor-taste association (Holman 1975; Fanselow and Birk 1982; Messier and White 1984; Fedorchak and Bolles 1987; Grigson et al. 1998) . Several investigators (Calpaldi et al. 1997; Dwyer 2005; Bonacchi et al. 2008; Dwyer et al. 2009; Zukerman et al. 2013 ) have also suggested that 2% sucrose induces a flavor preference on the basis of flavor-taste association rather than flavor-nutritive association. Although one might doubt whether such a small chorda tympani nerve response as shown by 2% sucrose is really sufficiently effective to establish preference learning on the Comparison of mean ± SEM relative magnitude of chorda tympani response to 0.1% saccharin with that to each of saccharin in amiloride, 2% and 30% sucrose obtained from five 3-week-old rats when the response magnitude to 0.1 M NH 4 Cl is 1.0. Sac, sodium saccharin; Suc, sucrose; NS, not significant, *P < 0.05, ***P < 0.001 (Tukey's HSD test).
basis of flavor-taste association in weanling rats, the ingestive period would stimulate other taste nerves as well with different responsiveness (Shingai and Beidler 1985) . Especially, stronger responses to "sweet" stimuli would be elicited in the greater superficial petrosal nerve, which innervates taste buds on the soft palate, than the chorda tympani nerve (Harada et al. 1997; Tomonari et al. 2014 ). This suggests a possibility that 2% sucrose would serve as an effective reinforcer for flavor-taste association.
Meanwhile, it remains unclear how postoral nutritive factors are involved in flavor learning when a low concentration of sucrose solution is used as the CS. In this respect, our ongoing electrophysiological study in weanling rats has shown that the magnitude of chorda tympani responses to 2% glucose and 2% fructose are similarly small as that to 2% sucrose (unpublished data). However, our behavioral study (Ueji and Yamamoto 2012a) in weanling rats showed that although 2% glucose was an effective rewarding stimulus for establishing conditioned flavor preferences, 2% fructose was not effective, consistent with the previous finding in adult rats that glucose was more effective than fructose for establishing conditioned flavor preferences because glucose has more direct and effective postoral nutritive factors (Ackroff and Sclafani 1991; Sclafani et al. 1993 ). These results suggest that 2% sucrose also has some postingestive nutritional effects, even if small. However, we are unable to conjecture the extent of contribution between taste and the nutritive components of 2% sucrose to the establishment of conditioned flavor preferences, because we did not conduct separate stimulation of these 2 components in the present study.
Concerning the brain mechanisms of the conditioned flavor preference, it is suggested that the amygdala, especially its basolateral nucleus (Sakai and Yamamoto 2001; Touzani and Sclafani 2005; Sevelinges et al. 2009; Desgranges et al. 2010; Liénard et al. 2014) , pontine parabrachial nucleus , and the lateral hypothalamus play important roles in the acquisition and retention of conditioned flavor preference. Recent neuropharmacological studies using receptor antagonists for dopamine, opioids, glutamate, cannabinoids, and benzodiazepine (Touzani et al. 2010; Sclafani et al. 2011; Touzani et al. 2013; Amador et al. 2014; Malkusz et al. 2014 Malkusz et al. , 2015 have also suggested the additional involvement of the prefrontal cortex and the reward system including the nucleus accumbens. Because all these areas are closely related to other emotional learning such as conditioned taste aversions (e.g., Lasiter and Glanzman 1985; Bures et al. 1998; Yamamoto 2009; Yamamoto and Ueji 2011) , it is plausible that CS-US association takes place in the amygdala and the memory is stored, retrieved and expressed in networks involving the regions described previously. Stronger association and long-lasting memory would be attained by using more reinforcing US. Because 0.1% saccharin and 2% sucrose were both less reinforcing, the acquired preferences were not retained in adulthood. We are planning to use different concentrations of sucrose solutions, which showed concentrationdependent patterns of flavor learning from preference to aversion (Ueji and Yamamoto 2012b) , to disclose which parts of the brain are responsible for CS-US association and the storage of short-term versus long-term memory.
In summary, weanling rats showed a similar preference for 0.1% saccharin as for 2% sucrose; 0.1% saccharin induced significantly larger chorda tympani nerve responses than 2% sucrose; and 0.1% saccharin elicited neophobia at the initial exposure. Flavor preferences were acquired with 0.1% saccharin, but did not continue to adulthood, which is essentially the same as when 2% sucrose was used (Ueji and Yamamoto 2012b) . A conditioned flavor preference can be established solely by the taste effect in the case of 0.1% saccharin, whereas further study is necessary to determine whether either one or both factors of taste and the postingestive nutritional component are involved in the case of 2% sucrose.
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